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Continuum radiation measurements are presented for nitrogen over a spectral range
from 975 to 37000 A for temperatures ranging from 9000 to 13500°K and 1- and 2~ atm
pressure. The measurements were made using a plasma produced in a dc mechanically
constricted arc generator. The data is separated by a temperature-dependence curve fit
into the contributions from positive-ion and neutral-atom radiation. The N* radiation is
compared to an analytical calculation based on the Burgess and Seaton quantum-defect
method for the free bound and on the Gauntfactors of Karzas and Latter for the free-free
processes. The remaining radiation in the visible and infrared is ascribed to the neutral
atom. This data is analyzed to derive the N~ species responsible for the recombination
radiation and to extract its ionization energy from the position of observed absorption
edges. A value for the (N” 'D) negative-ion cross section is obtained. Extraction of the
neutral atom Zzg factor for the Bremsstrahlung process was made from the continuum data
in the infrared. Comparison is also made to other experimental data.

INTRODUCTION

The recombination and bremsstrahlung continu-
um radiation is one of the dominant spectral fea-
tures of high-temperature high-density plasmas.
As a laboratory tool it has been used as a means
of temperature! and electron number density? mea-
surements and as a means for studying the lower-
ing of the ionization energy.® In addition to this
the continuum is one of the most important modes
of radiation energy transfer in stellar atmospheres
and in laboratory plasmas such as electric arcs
and shocks in shock tubes. Recently it has be-
come of significant interest to that part of the
engineering community concerned with heating of
high-velocity re-entry space vehicles. Because
of this scientific and engineering interest a num-
ber of analytical treatments have been forwarded,
attempting to predict the magnitude and spectral
distribution of the continuum, These predictions
however for gases other than hydrogen disagree
with each other in some spectral regions by a
considerable amount, There have been few ex-
perimental studies directed specifically to-
ward gathering data to shed light on the validity
of the various predictions available. Of the mea-
surements that do exist many lack spectral purity,
i.e., suffer from interference from radiating
mechanisms other than the continuum, while
others cover wavelength ranges too small to be
of significant use for comparison purposes.

The present paper reports the attempts by the
authors to overcome some of these difficulties
for the case of nitrogen. Nitrogen has been cho-
sen because of its engineering and scientific in-
terest. It constitutes the greatest abundance of
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our own atmosphere and is responsible for the
bulk of the continuum radiation transfer to high-
speed re-entry vehicles or in simulation de-
vices. It is of scientific interest because it is
also sufficiently nonhydrogen like to allow some
insight into those theories which aim at predicting
the continuum for nonhydrogen systems. While
no attempts were made to compare our data with
all the theories which presently exist, a com-
parison has been made with those*>® which are
currently in popular acceptance and use.

EXPERIMENTAL APPARATUS AND TECHNIQUES

The details of the plasma generator and power
supply have been discussed at length in previous
work.1:%,7 Only a brief description of its essen-
tial aspects will be presented here. The nitro-
gen plasma was generated by a mechanically con-
stricted dc arc generator of the Gerdien type.
Two different observipg techniques were used;
side on or perpendicular to the arc column, and
end on along its axis.

For wavelengths greater than 2500 A the arc
was viewed side on and the data was gathered as
a function of temperature by making use of the
radial temperature variation of the arc column.
The nitrogen test gas was confined to the central
arc sections while the electrodes were blanketed
in argon. Care was taken not to allow any of the
argon to diffuse into the test region where spec-
troscopic measurements were made. These side-
on intensities were converted to radial intensities
by means of a numerical solution to the Abel in-
tegral as proposed by Barr.® For these measure-
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ments an image of the arc or standard source
was focused onto the slits of the spectrometer
with front surface mirrors. Two instruments
were used for making spectroscopic measure-
ments for A >2500 13.; a Jarrell-Ash 0.5-m grat-
ing instrument with a dispersion of 16 A/mm
which was used for scans of the spectrum A

> 2500 A and for the bulk of our temperature
and continuum radiation measurements, and a
Perkin-Elmer double-pass monochromator used
for the infrared radiation detection.

Intensity measurements for A >2500 A have
been based on a tungsten-ribbon filament lamp
calibrated by the National Bureau of Standards.
For the data at 3.7 p however, for which no cali-
bration of the lamp was available, a silicon car-
bide “globar” was used as the standard radiation
source.® For the near ultraviolet, 2500 f\, and
blue part of the spectrum an EMI 6255B photo-
multiplier detector was used and for the red
wavelengths a cooled RCA 7102 detector.

For wavelengths shorter than 2500 A the arc
was viewed end on and the temperature was
varied by adjusting the power input to the arc.®
In these measurements the plasma was essen-
tially an argon arc to which a controlled percen-
tage of nitrogen was added. at the center of the
column making sure that none of the nitrogen es-
caped to the electrode regions., The quantity of
test gas added was limited to an amount that did
not significantly change the temperature distri-
bution established by the noble gas and such that
the nitrogen gas was optically thin. In this man-
ner it was possible to observe the nitrogen emis-
sion spectrum from an isothermal plasma to a
wavelength of approximately 900 A vefore strong
absorption due to the argon ground state set in.

For this wavelength region a 3 -m Seya-Namioka
spectrometer was connected to the end of the
generator through a set of pin-hole apertures that
limited the field of view to the axis of the dis-
charge, and the radiation from the arc axis or
standard source was viewed directly by the spec-
trometer. These baffles also serve as part
of a differential pumping system that permitted
the arc to run at atmospheric pressure while the
spectrometer operated at 5X107® mm Hg. A sec-
ond spectrometer of a 3-m Ebert design was
positioned also end on to make temperature and
concentration measurements from lines in the
visible part of the spectral region. For these
measurements light from the pin-hole apertures
was directed into the second spectrometer by
means of a diagonal mirror inserted in the opti-
cal path behind the apertures thus permitting both
spectrometers to view the same element of plas-
ma,

The detector used with the Seya was either a
windowless photomultiplier or an EMI 6255B
coated with sodium salicylate., The calibration

of the detecting system for absolute intensity mea-
surements was made using atomic nitrogen and
hydrogen lines which were made to radiate like
black bodies by increasing the test-gas concen-
tration until the lines became optically thick, In-
tensity calibrations for the wavelengths at which
the continuum was measured were taken from an
interpolation of these line data.

In making intensity measurements careful atten-
tion was given to eliminate scattered light and the
interference from second-order contributions, by
the use of interference and Corning glass color
filters. For example, for the 2500 A data an in-
terference-reflectign filter with a bandpass of
approximately 200 A was used to prevent inter-
ference from scattered light, which would be par-
ticularly harmful at this wavelength because of the
low-standard lamp signals. For A <2500 A the
amount of scattered light in the system was de-
termined at the wavelengths where strong absorp-
tion from the two resonance argon lines 1066 A
and 1048 A appeared. Estimates for the scattered
light using this absorption region showed that its
contribution was less than 5%. In all cases, mea-
surements of the continuum radiation were taken
in regions of the spectrum which exhibited a mini-
mum contribution from line radiation.

For the vacuum ultraviolet the absorption co-
efficients of nitrogen in some cases were large
enough to permit direct absorption measurements.
These data were gathered by running two end-on
arcs in tandem using one of them as a source. The
calculation of the absorption coefficient was made
from the following relationship:

(Is-Il)/12=exp(— al), (1)

where L is the path length through arc 1, I is the
sum of intensity from both arcs, I, is the intensity
of the first arc, I, is the intensity of the second
arc, and a is the absorption coefficient.

TEMPERATURE AND NUMBER DENSITY
MEASUREMENTS

The temperature of the nitrogen arc for x >2500
A was determined from the contimuum radiation at
4955 A, The temperature dependence of the con-
tinuum at this wavelength was calibrated against
the temperature variation of the absolute intensity
of the 4935 N1 line, This calibration procedure
is discussed in detail in a previous paper,! as are
all the corrections applied to the measured absolute
line intensity.

The transition probability, A, selected for this
multiplet was 2.34X10° sec™! as recommended in
the National Bureau of Standards (NBS) tables,!*
We had previously! used a value of 1,93 x10° sec™?
which was calculated from the Bates and Dam-
gaard® tables. We found on close inspection of
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Comparison is made to the experimental data of Thomas and Menard at 10 000°K and Boldt at 13 000°K. The solid
line is the contribution of positive-ion radiation (Ifb+ff+) calculated with recombination cross sections found from
Burgess and Seaton’s quantum-defect method and from the free-free Gaunt factors of Karzas and Latter.
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these calculations that 4935 N1 belonged to that
class of lines covered in the tables that gave A
values quite sensitive to small errors in the upper
and lower energy values used for the calculations.
New experimental measurements at higher tem-
peratures than had previously been obtained
showed that the measured maximum intensity of
4935 N1 exceeds the theoretically calculated
values using an A value of 1.93xX10° sec™!, This
clearly indicated that this value was too small. Of -
the experimental values available to us, the one
suggested in the NBS tables appeared to be most
reliable. Temperatures were also measured
using the 5045 N11 line. These results were
found to be in good agreement with the 4935 N1
measurements., The A value of the ionic line was
calculated from the Bates and Damgaard tables.

It did not suffer from the same difficulties as 4935
N1 and in fact, could be determined with a pre-
cision of better than a few percent.

Temperatures of the end-on argon-nitrogen arc
used for the vacuum uv work were found from two
argon lines and their adjacent continua: 4300 Ax
and 4806 A1, and the continuum at 4315 and 4820
f&, respectively. The half-widths selected were
those of Popenoe!® who made the experimental
calibration using H, as the electron number densi-
ty indicator. The transition probabilities used
for these lines were 3.6 x10° sec™?! for the atomic
line and 1,1X108 for the ionic line. These values
represent a choice which gives the most consis-
tent agreement to data for intensity and electron
number density measurements made by four
laboratories, ours, Shumaker’s® Richter’s,™
and Olsen’s.'® These data covered pressures
ranging from 0.5 to 5.0 atm and used both side-on
and end-on techniques for arcs of different sizes
and power inputs.

It should be stated here that in all our calcula-
tions for nitrogen and argon, the composition and
partition-function tables of Drellishak!® were used.
For the vacuum ultraviolet studies on argon plas-
mas and the corresponding nitrogen mixture we
used our own density calculations. The latter
did not employ a lowering of the ionization ener-
gy.

The number of test-gas atoms per unit volume
on the axis of the arc used in the vacuum ultra-
violet studies was measured for nitrogen from the
absolute intensity of the 4914 N1 and 7424 N1
lines. The relationship connecting this intensity
measurement with the number of atoms is

N°=I41rXU°[exp(EZ./KT)]/hch , (2)

where N is the atom number density, A is the
wavelength of the spectral line, U° is the atom
partition function, E; is the upper-level energy
value, K is the Boltzman constant, 7 is the tem-
perature, % is Plank’s constant, ¢ is the velocity

of light, g is the statistical weight of the upper
level, and A is the transition probability.

An uncertainty in temperature of +250°K re-
sults in an error of +7% in the nitrogen-atom
concentration, Adding to this a +15% error in
the intensity measurement and uncertainty in the
transition probability gives a total error of about
+22%. Measurements of the nitrogen concentra-
tion using the above technique gave values which
agreed within experimental error with the origi-
nal ratio of the nitrogen-argon mixture added to
the arc.

CONTINUUM MEASUREMENTS

Nitrogen continuum radiation measurements
were taken at 1- and 2-atm pressure for a wave-
length range extending from 900 A in the vacuum

ultraviolet to 37000 A in the infrared. These data
are divided up into two wavelength intervals for
presentation. The wavelengths from 2500 to
37000 A are presented in Figs. 1 and 2 for 1-
and 2-atm pressure, respectively. A compari-
son of the two sets of data showed no anomalous
pressure dependence, The continuum measure-
ments shown for A >2500 were made using the
“side-on” method for currents of 30, 40, and

50 A. These data were taken using a spectrome-
toer bandpass ranging from 4 to 10 A for A <12 000
A and 100 to 400 A for A>12000 A, Figures 3
through 7 give spectral scans showing the wave-
lengths selected for measurement (indicated by
arrows). These figures show the spectral struc-
ture in the neighboring wavelength regions. Fig-
ures 8 and 9 give the continuum data for the
vacuum uv in terms of absorption coefficients.
Included in these figures are the data from both
the emission and direct absorption measurements.
Figure 10 gives the temperature dependence for
two wavelengths 975 and 1112 A in the vacuum
ultraviolet. Alsoincludedin Figs.1,2,8,9, and 10,
are theoretical predictions for the nitrogen posi-
tive-ion radiation. The analytical calculations
are presented in detail in the Appendix, and the
comparison of our data to these theoretical esti-
mates are discussed later in the paper.

ACCURACY AND COMPARISON OF
EXPERIMENTAL DATA

The accuracy of the measured continuum data
varies }yith frequency and temperature. For A
>2500 A at the higher temperatures and in the
middle of the frequency range covered where the
standard lamp and arc signals are highest and
the phototubes have maximum sensitivity, the
values should be good to +10%. Under the worst
conditions for the photocell measurements, say
9000°K and at the ends of the frequency range,
for the side-on data the measurements are
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FIG. 2. Spectral distribution of the nitrogen experimentfl total continuum intensity at 2-atm pressure. The solid
line is the contribution of the positive ion radiation (Ifb +ff ) calculated from recombination cross sections found
from Burgess and Seaton’s quantum-defect method and from the free-free Gaunt factors of Karzas and Latter.
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FIG. 3. Vacuum ultraviolet spectral scan of a nitrogen-argon plasma taken end-on at atmospheric pressure and at
about 13 600°K. The solid bars show the wavelengths at which continuum radiation measurements were made.
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FIG. 4. Side-on spectral scan of a 1-atm nitrogen arc taken at the center and at the outside edge for a wavelength
interval from 2500 to 3250 A. The arrows indicate the wavelengths at which 1- and 2-atm data were obtained.

probably good to £+30%. These estimates do not
include effects arising from inaccuracies in
transition probabilities of the line used for cali-
brating the 4955 A continuum versus tempera-
ture. Neither do they include errors in composi-
tion calculations such as the lowering of the ioni-
zation energy or the partition-function cutoff.
Errors from these parameters are difficult to
assess and at best an educated guess might put
an additional 15% deviation on the intensity mea-
surements. The spectral intensity for the 1743
A (or 1.72x10% sec™!) 1-atm data is seen to be
about a factor of 10 greater than theory at
13500°K. We are less confident in these radia-
tion measurements and their temperature de-
pendence since it was not possible to obtain an
accurate estimate for scattered light.

The emission data for A <1500 A we believe to

have an absolute accuracy of +40%. This has been
estimated from the combined effects of scatter

in the data, errors in temperature and concen-
tration measurements, and the quality of the
blackbody line intensities used as the radiation
standard. The accuracy of the direct absorption
measurements in the vacuum ultraviolet data is
quite low for the wavelengths of lowest absorp-
tion because the differences I, —I; in Eq. (1)
were small, Within the accuracy of the measure-
ments however, the data confirm the emission
measurements,

All of the tests for local thermodynamic equili-
brium suggested by Griem'” were applied to the
conditions reached in our arc and were found to
be fulfilled. Of the criteria that Griem lists, one
of the most important in the analysis of our data
is that there be an equilibrium population of the
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ground and first-two excited states of the atom indeed follows a Boltzman distribution, More de-
since these levels form the parent terms of the tails concerning equilibrium are further dis-
nitrogen negative ions. It was possible to ex- cussed under the neutral-atom radiation para-
perimentally check the population of these levels graphs.

with the absorption measurements discussed In comparing our data for A >2500 A with other
above. From these measurements we found that experimental results, we find at 13 000°K an in-

within a factor of 2 the population of these levels tensity higher than Boldt’s’® by a factor of 2. We
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believe that part of this factor may be due to dif-
ferences in the transition probabilities chosen for
the spectral lines used for temperature measure-
ments as well as differences in the calculations
for the plasma composition.

A comparison of our results with that of Thomas!?
for 10000°K shows his data to be higher than ours
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FIG. 9. The absorption coefficient of the nitrogen
vacuum uv continuum at 2-atm pressure as found by
emission measurements. Comparison is made to the
theory (dot dashed line) using Burgess and Seaton’s
quantum-defect method for calculating recombination
cross sections.

by a factor of 2 at 5000 A and by as much as a
factor of 20 at 11000 A. We do not know why this
difference exists. The significance of this dif-
ference however is discussed in the neutral-
atom radiation section.

SEPARATION OF THE CONTINUUM INTO
Nt AND N° CONTRIBUTIONS

For our experimental conditions of tempera-
ture and pressures we have considered that the
continuum radiation of nitrogen results from two
species interacting with electrons; positive ions
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§ Kramers?2® expression for bremsstrahlung or

z T E free-free radiation and the second gives the re-

g combination radiation process. In this case i

g ) iz Ao | designates either the nitrogen ions or atoms re-
—_— T — acting with electrons, N? is the species number
I 1 I 1 I\ density, N, is the electron number density, Z is

effective nuclear charge, g is the gaunt factor,
o , , | \ | . C, is the second-radiation constant, an-’ T tis
" 12 S 13 the number density for the level nlj of the spe-
TEMPERATURE, 107 T (°K) . . . .
cies corresponding to ¢ — 1, and 0,1 18 the photo-
FIG. 10. The vacuum uv continuum absorption co- absorption cross section corresponding to the
efficient at two wavelengths of nitrogen versus tempera- nlj level of the 7 - 1 species.
ture for a 1-atm plasma pressure. The dash dot curve For the positive ion-electron radiating process
is theory using Burgess and Seaton’s quantum-defect we chose to use theoretically calculated cross
method for calculating recombination cross sections. sections il}_ Eq. (4) and fit the resulting estimate
for Iff +fp toour experimental data, These
calculations are described in detail in the
and neutral atoms. Each of these species in- Appendix. Briefly, however, the calculations
teracts with electrons by means of two mech- were made with the following input: For the
anisms: the free-free or Bremsstrahlung radia- recombination radiation for A>2500 A we used
tion process and the free-bound or recombination the cross sections calculated by Griem'” who
radiation process. The total continuum radiation made a modification to the quantum-defect work
of nitrogen at a wavelength, X, can be expressed of Burgess and Seaton.* For terms of principal
as the sum of these continua: quantum numbers 4 and higher the hydrogen cross
sections were employed. For the free-free
I (total)=1I tortir oLr o, 3) radiation mechanisms the Gaunt factors of Karzas
by fo "ff fb ff 5
and Latter® were used.
To study the radiation from N* and N° we have For the neutral atom-electron interaction there
provided a separation of these continua. To do are no theoretical values for o,,_ available, there-
this we used the temperature dependence of the fore we let this term be the unknown in Eq. (4)
respective processes to obtain the N radiation and simplified the free-bound expression by
and a subtraction technique to obtain the N° radia- solving for the cross section of the negative-ion
tion. The “temperature-dependence” method was state that is the predominant radiation contribu-
successfully applied in analyzing our oxygen con- tor in the spectral region where our measure-
tinmuum measurements® and the resulting negative- ments lie, namely that corresponding to the D
ion cross sections and estimates for the positive- negative ion. Reasons for this choice are dis-
ion radiation gave good agreement with other ex- cussed in a following section. Under this condi-
perimental results and also with theory. It was tion the free-bound term for the neutrals in Eq.
felt therefore that this analysis technique could (4) reduces to
be applied to nitrogen with confidence. The
method is briefly reviewed here along with the I fb(N 9)=40.03 X107
revisions made to obtain more precise values -C,/AT - 3
for the neutral-atom radiation. It should be (e ¥ T )opNip /A (5)
noted here that this scheme is only applied to the
data for A >2500 A since in the vacuum uv all the and the two unknowns to be determined for this
radiation is due to N ' free-bound radiation. radiation mechanism are therefore, the o, for
The equation relating the contribution of the the free-bound radiation, and the Z % for the
continuum from both the free-free and free-bound free-free process.
collision of electrons with a given species i is The total radiation for both the positive ion and
; neutral atom at wavelength A can thus be expressed
Lo as:
. 1
-5.443 %10~ 26 Zng’Ne 772~ GAT I, (total) =thheory+
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+<71D b /°1D+Z gl f"/Z g, (6)
where Itheor is the theoretical prediction for
the ff and fb radiation of positive ions reacting
with electrons, (see Appendix), R is the factor
by which our experimental data must be multi-
plied to fit the theoretical estimates for the
Liheory  radiation, Ig,° is the free-bound radia-
tion of neutrals reacting with electrons [Eq. (5)],
Z%g is an unknown for the neutral-atom free-free
process, o, is the photo-ionization cross-sec-
tion of the néutral nitrogen atom, and Igf is the
free-free radiation of neutrals reacting with elec-
trons. In principal for each wavelength A, Eq.
(6) could be solved simultaneously for R, o,

and Z %g using experimental data at three tem-
peratures. However, the free-free and free-
bound terms for the neutral-atom radiation have
practically the same temperature dependence,
making it impractical to simultaneously extract

o and Z % by this method. It was therefore de-
cided to treat the neutral atom radiation as either
all free free or all free bound and make only a
two-term fit to the data of the following types:

I\)=RI

theory T olD fb (")

/ UID ’
and

I\)=RI

+ 2 0/72
theory +Z ngf /2%

(8)
The latter curve fit, Eq. (8), yields values of
Z %g which have a frequency dependence such that
when extrapolated to the infrared yields the Z2%g

value for the pure free-free radiation.

FREQUENCY, v, sec™!
10 & 6 4
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COMPARISON AND CONCLUSION FOR THE
N' CONTINUUM RADIATION

The comparison of the N* ff and fb continuum
radiation with theory is shown in Fig. 11 where
the ratio R of experiment to theory is given
versus A and v. This comparison is made for
both 1 and 2 atm. No significant pressure de-
pendence is observed Figure 12 shows a typical
curve fit at 4955 A using the temperature-depen-
dence separation technique. These data show that
the fit adequately accounts for all the radiation
and that the R values are not sensitive to the tem-
perature selected for the fit. The R values there-
fore have about the same accuracy as the high-
temperature continnum measurements and thus
provide good estimates of a correction factor to
make the theoretical estimates for the positive-
ion radiation agree with experiment.

An examination of the R values versus wave-
length gives some information as to the agree-
ment of theory and experiment for the cross sec-
tions of the various energy levels of nitrogen (see
Appendix). For example in the vacuum ultra-
violet the two levels that are the dominant con-
tributors to our measured radiation are the 2p32P
and 2p%2D, with the free-bound process being the
predominant mechanism and little radiation coming
from the ff processes. Since we believe the ac-
curacy of our data in these regions to be +40% we
can say that there is essentially agreement be-
tween theory and experiment. This of course sup-
ports Hahne’s?! calculation of the cross section
in the vacuum uv using the quantum-defect method
of Burgess and Seaton (see Appendix).

[rro o 11

FIG. 11. The ratio R of
our experimental values of
the free-free and free-bound
Tge +fb+) radiation for the ni-
A trogen positive ion to the the-
oretical values predicted using
Burgess and Seaton’s quantum-
defect method for calculating
recombination cross sections
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FIG. 12. Estimates of the positive~ion (R theory+) and

negative-ion ( fbo) contributions to the total measured
nitrogen 1-atm 4955 A continuum radiation as found
from the temperature-dependence curve fit.

For wavelengths greater than 2500 A we have
used the cross sections suggested by Griem,"
calculated using the quantum-defect method, for
levels falling between 2000 and 6000 A and hydro-
gen cross section for levels lying at greater
wavelengths, We find in the 2500 to 3000 A region,
where the 3s2P and 3s*P levels are prominent,
that the measured values are much higher than
theory with the difference being frequency de-
pendent. Since this difference is greater than the
experimental error believed to be associated with
these data it suggests that the cross sections for
these levels are too low, in the worst case per-
haps by a factor of almost two, or that there may
be levels missing in the calculation, In the 4000
to 10000 A region the data tend to go higher than
theory with increasing wavelength, This has sug-
gested to us that the starting point for using hy-
drogen cross sections with levels of principal
quantum number of four may be premature. Be-
yond 10000 A the data supports within the limits
of error the use of hydrogen cross sections, the
inclusion of prime terms, as well as the ff gaunt
factors of Karzas and Latter.®

In conclusion then for the N* radiation it is fair
to say that over a large portion of the wavelength
region studied our data supports the use of the
quantum-defect method of Burgess and Seaton for
calculating the energy transferred by continuum
radiation in a plasma. However, it is obvious that

if the continuum is to be used as a diagnostic tool
such as electron concentration or temperature mea-
surements some care should be used in selecting
the wavelength to be used.

NEUTRAL-ATOM CONTINUUM RADIATION

Our data and that of other investigators, Boldt'®
and Thomas’® show that there is considerable radia-
tion from nitrogen which cannot be accounted for
by the N* processes and which exhibits the tem-
perature dependence of the free-free and free-
bound radiation of the neutral nitrogen atom. There
is some controversy over the origin of this radia-
tion. This controversy!®:22:23 arises principally
because there are no suitable wave functions and
ionization energies to obtain reliable theoretical
predictions necessary to support or refute the
existence of the nitrogen negative ion and the mag-
nitude of its cross section. Below we present
arguments, based on the character of our experi-
mental data, to support the existence of this ion.
We also present an analysis of the experimental
data to obtain the principal states of N~ responsi-
ble for the bulk of the radiation. It suggests up-
per and lower limits for the ionization energies
of these states and also tests the validity of the
observed magnitude of the experimental cross
section by an application of the sum rule. Finally,
we list supporting arguments which through analo-
gy to similar data of oxygen and argon give some
confidence to the conclusions reached.

From an evaluation of the o values found from
the temperature-dependence separation technique
we found that unlike the R values, the correspond-
ing cross sections were very sensitive to small
changes in the lower temperature chosen for the
curve fit, and that not all the measured radiation
would always be accounted for at the lower tem-
peratures. Therefore for the analysis of the neu-
tral-atom species we subtracted from the total
measured continuum at 9000°K the contribution
from the positive ions. The latter contribution
was determined from the theoretical continuum
for Ige +fb+ times the experimental correction
factor, R, obtained from the curve-fit method.
The resulting radiation is shown in Fig, 13. No
attempt was made to extrapolate the 1743 A con-
tinuum data to 9000°K since its precision did not
warrant it. In order to give us the maximum use
of all the data, the 1- and 2-atm values were
normalized at 4955 A, Both sets of data are plot-
ted in the figure. These data were reduced to a
smooth curve by taking the average value of two
envelopes, drawn through the maximum and
the minimum points.

For the free-free neutral-atom radiation the
Z%g was derived from the curve fit using Eq. (8).
It is noted that in solving for this value of Z%,
we assumed the measured Z2%g would have a fre-
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quency dependence such that when extrapolated
to the infrared frequencies would yield the Z%
value for the pure free-free radiation. Figure
14 plots the results of the Z2%¢ values found by this
fit for both 1- and 2-atm nitrogen data and also
shows the values obtained by Taylor® in the in-
frared. His values are seen to be lower than ours
by about a factor of 2, but are believed to agree
within the experimental error of both data, We
chose to use our average experimental Z2%g of
0.052 to subtract the neutral free-free radiation
from the data in Fig. 13.

The remaining radiation for v>0.20x10 which
is presumably due to neutral atom-electron re-
combinations shows two absorption edges, one
between 0.2 and 0.3 X10* and the other around
0.6x10" sec™!. Assuming that the largest con-
tributor to the absorption for these conditions is
the negative ion of nitrogen, we can make use of
a combination of the term diagram, Fig, 15, and
the composition calculations, Fig. 16, to find a
model that suitably explains the absorption edges.
The energy levels and the respective AE’s of the
negative ions shown in Fig. 15 were constructed

from theoretical values for the ionization energies
and from the absorption-edge structure in our
data. Using the ionization energies shown in the
figure, the approximate frequency of the edges
corresponding to the 'S, D, and 3P levels are in-
dicated in Fig. 13.

In trying to assign the neutral-atom radiation to
the proper negative ion, one might attempt to
first fit the 3P ground state to the data. Theoret-
ical values®—3! for the possible ionization ener-
gies of this negative-ion range from - 0.15 to
+0.54 eV. If one uses an ionization energy of
0.1 eV ?5 as shown in Fig. 15 then clearly the
absorption edge that should fall around 0.89
x10+!% gec™! is not observed. By using a higher
ionization energy, namely 0.54 eV?°® the 3P edges
fall at around 0.13 X10%, 0.71x10%, and 1.00
X10% sec™!, If this is a respectable fit to the
data, then a reasonable profile is obtained pro-
vided that (a) the radiation in the infrared (v<0.2
X 10 sec™!) is not totally due to free-free neu-
tral-atom radiation, and (b) that the high level of
radiation at 1743 A and 10000°K, Fig. 1, is real
and indicative of free-bound neutral-atom radia-
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FIG. 14. Nitrogen Z’%¢ values corresponding to the
neutral-atom free-free process as obtained from the
temperature dependence curve fit. Comparison is made
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FIG. 16. Number density estimates for the three
nitrogen negative ions calculated using the ionization
energies shown in Fig. 15.
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FIG. 15. Energy-level diagram for the nitrogen
negative ions and their atomic parent terms. The A E
ranges were found from our experimental data.

tion in the vacuum ultraviolet. As mentioned
earlier, the reliability of the latter data does not
warrant a positive assignment of another absorp-
tion edge between 1.2X10% and 1.72x10%* gec-?,
More important however, is the fact that an ion-
ization energy of 0.54 eV for the ground-state
negative ion should indicate that the 3P ion is
stable and it would therefore seem that its exis-
tence would have been verified by now using the
same techniques by which the oxygen negative ion
has been measured. Little®? or no such experi-
mental evidence has been obtained thus far to sub-
stantiate its existence. From these arguments
we assumed in this analysis that the (N-) 3Pion
is not a stable contributing source for the nega-
tive-ion radiation,

Using the same system of arguments as above
leads us to believe that the D nitrogen ion is a
more reasonable explanation for the residual
radiation. This level has a higher ionization en-
ergy and has therefore a more stable configura-
tion. The ion is formed from two excited levels
of N° the 2P and 2D states. Since it has two ion-
ization limits it thus has two absorption edges.

If the absorption edge due to a 2P(N°) - D(N ™)
transition falls around 0.6Xx10® sec”™?, then the
second edge for the 2D(N°) -~ !D(N-) transition
must fall around 0.3X 10 sec~!. Inspection of
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the data around these two frequencies shows
that these edges can exist and furthermore the
data allow us to give limits for the D(N-) energy
level. These are shown in the term diagram,
Fig. 15,

The ionization energy of 0.89 eV? for the 'S
term as shown in Fig. 15 would also give an edge
near 0.3x10'® sec-?, a frequency that falls within
the limits of the experimental edge. It does not
appear however, that this term contributes signif-
icantly to the radiation since the concentration of
the 1S level is almost an order of magnitude low-
er than that of the !D which also has an edge
in the same vicinity., We feel therefore that it is
more reasonable to assume that this edge consists
mainly of radiation to the !D state.

The cross sections which appear in Fig. 17 have
therefore been calculated for the 'D ion. Included
in this figure are also the experimental estimates
for the D cross section as found by Boldt!® also
from arc measurements. We have not compared
the cross section for the negative ion found by
Thomas'® since he reduced his data to a cross
section for the ground state (N-)°P using, inci-
dentally, an incorrectly calculated partition func-
tion. However, if we take the liberty of convert-
ing his data to correspond to the (N7)!D ion it
would yield cross sections that are higher by an
order of magnitude than ours at around 1.1 p.
However, at 5000 A he would have obtained a D
cross section which would agree with ours within
the experimental accuracy of both sets of data.

Note added in Proof: Additional data for the cross
sections of N~ (D) have recently been published,322
They are found to be in good agreement with those
reported in this paper. Reference (32a) states
that we have not included all the 3p levels in our
calculations for the nitrogen positive ion continuum,
We refer them to the Appendix of this paper and to
Figs. 1 and 2. We believe they will find that the
levels have been treated correctly.

A test of the validity of the cross sections de-
termined from our data for the (N-)!D state can
be made through an application of the sum

rule. 3%3 This sum rule is given as

N=(mc/ne?) fV°° owdv (@)

0

where o(v) is the photo-ionization cross section
of the state of interest as a function of frequency,
N is the number of electrons in the ion, which for
N~ is 8, and v, is the photo-ionization threshold.
Integration of our experimental data gives about
10 electrons. Assuming a 1/1v® dependence for
the cross section in the frequency range not in-
cluded by the data, gives 2.5 additional electrons
or a total of 12.5. This value is 50% higher than
theory predicts for the (N-)!D ion, however, we
feel that it is within the combined errors of the
data and the analysis.
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FIG. 17. Our experimental estimate for the nitrogen
negative-ion cross section for the D jon. Comparison is
made to the experimental results of Boldt.

In looking for a possible explanation for some
of the surplus electrons one could question wheth-
er there is an over population of the metastable
(N°)2P and (N°)2D atomic nitrogen levels, This
would give more (N-)!D ions than predicted
through the composition calculations and would
result in our seeing too large a cross section. To
determine if such an over population of the atom-
ic (N°)°P and (N°)’Dlevels exists, we made absorp-
tion-coefficient measurements for the continuum
in the frequency range where the recombination
radiation appears for these levels. These mea-
surements are discussed earlier in this paper.
These data, although somewhat unprecise be-
cause the absorption is low, do not show any gross
over population of these levels and certainly dis-
count any errors larger than a factor of two in
the population. A weaker argument but neverthe-
less a point to support the validity of the measure-
ments for the negative-ion radiation is that when
the same scheme is applied to oxygen, it was
found to be quite adequate in accounting for all
the oxygen continuum® and resulted in reasonable
cross sections for the negative oxygen ion which
were consistent with theoretical and also experi-
mental values. Furthermore when this analysis
was applied to argon it showed, as one would ex-~
pect, no negative ion for this atom.

Inconsidering alternative explanations for the neu-
tral-atom recombination radiation, the only mech-
anisms that can be considered are those having
the same temperature dependence as the nitrogen
negative ion. We have made trial checks of pro-
cesses such as the free-free interactions of elec-
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trons with N, or N,* species, free-bound interac-
tions with N,*, molecular and atomic line radia-
tion, and possibly a type of radiative association
of atoms to form molecules. 3 In each case, the
process either does not have the correct tempera-
ture dependence or fails to give the correct order
of magnitude for the intensity.

From our data and the arguments presented we
are thus left to conclude that the (*D) negative ion
of nitrogen is responsible for the bulk of the ra-
diation in Fig. 13 emitted for frequencies below
1.5X10" sec™!, and that the values for the experi-
mental cross section are correct to about a factor
of 2,
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APPENDIX

While the calculation of the N* free-free and
free-bound radiation is a straightforward matter
in concept, the actual details of the calculation
namely, the use of the various cross sections
available, the lumping of terms, the treatment
of levels for which there are no published data,
the choice of the shift of the absorption edges,
involve decisions which must be presented to
those making comparisons of our results with
other work. Toward this purpose the following
Appendix gives an account of the N* continuum
calculations used for the comparison of some of
our data with theory.

The continuum emission intensity due to recom-
bination and bremsstrahlung processes, in terms
of power per unit volume, frequency interval, and
solid angle, may be expressed as

8a%Z% f(v, T)ETU+N®
It )= P
xexp[- (hv+E_°~ AE_ °)/kT)
164°E, Z'g *N°
W, H 7s G °
3V3miU°
xexp[- (hv+E_°- AE_°)/kT], (A1)

where the first term is the Kramers free-free esti-
mate and the second sum represents the super-
position of all recombination continua for which

the excitation energies, E,, 1%, fulfill the condition

hv>E - AE-E_°>0.0

n,l ? (a2)

n and [ being the principal and orbital quantum
number, respectively, of the final state.

In the above and following expressions, «, h,
@y, ¢, and k are the usual constants; Ey is the
Rydberg constant in energy units; Z is the ef-
fective nuclear charge; N° is the total atom num-
ber density; U° is the internal partition function
of the atom; U * is the internal partition function
of the ion; & * is the ground- state statistical
weight of the 1on, g¢(v, T) is the free-free Gaunt
factor; gfb(v n) is the free-bound Gaunt factor;
E_° is the ionization energy of the atom while’
Aan accounts for its lowering; E,, ;°is the ex-
citation energy of the final state; AE is the ad-
vance of the series limit assumed equivalent to
AE ; and the term Gn 1° takes into account the
radiative cross sections.

For principal quantum numbers n > 2, Gy, 7°
is defined as

Gn lozan logn lo/ c’n clgs+2n2 ’ (A3)
where &n, 1° is the degeneracy factor equal to
(25+1) (2 +1)for the n, I state, having a photo-
ionization cross sectlon O, 7% The term O, cl
represents the classical hydrogemc cross séc-
tion. If hydrogenic conditions are assumed, the
ratio 0, 1°/0y, ] in Eq. (A3) may be replaced
by the free-bound Gaunt factor &, V).

The classical hydrogenic cross section is de-
fined as

CAE (64naaoz/Sﬁ)(EH/hv)SZVns .

b

(A4)

The free-bound Gaunt factor (approximately
equivalent to 1.0 for most spectral ranges of in-
terest) has, as was suggested by Peach, % been
defined as

&g, = 1.0+ [n(v/v )3+ B(v/v, 23]
- n(v/v,)-28+38(v/v,)"1/3]
428(v/v,) 48, (A5)
with
n=0.1728, B=-0.0496, and v, =E,/h .

Equation (A1) has been programmed for solution
utilizing an IBM 360 computer. .- For ease of solu-
tion the sum term has been expanded into the fol-
lowing expression:

213N ©
o= 2 20 99 18 0
ni 21 €0 2,152,1
xexpl~ (hv+E, °)/kT]
’
3 4 +A70
160°E Z% *N

0
*Z‘ 3BmET0  C3,1
3,
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X exp|— (hv+E3 l°)/kT]

+ 2
3,1p

X exp|— hu+E3

0, 0
2U° 93,153, 1p

p p°)/kT]

2 U° gbe(T)

Xo exp[ (hu+E °)/kT]

E 2hv? R(T)o

2U° gfb n,cl

l
+ 2 f(n)
x\2g - Z 2,7
’

Xexp[- (hv+ E °- ZzEH/nZ)/kT] . (Ae)
In the above expression the first sum (z=2) con-
tributes its continua mainly in the ultraviolet
region while the second and third sums (z=3)
contribute mostly in the visible region. The
last-two sums are more prominent in the in-
frared region.

For the calculation of the total positive-ion ra-
diation as afunction of frequency, inputs, to Egs.
(A1) and (A6) were as follows: The determina-
tion of the bremsstrahlung contribution from the
first term in Eq. (A1) was made using the free-
free Gaunt factor g.(v, T) calculated from the tables
of Karzas and Latter.® Inputs of the terms O, l°
and Gg 2 interms 1 and 2 of Eq. (A6) were made
available by utilizing the quantum-defect method
proposed by Burgess and Seaton? to determine pho-
to-ionization cross sections of species exhibiting
LS coupling. Such values have been calculated
and published by Hahne?! for the vacuum ultraviolet
(term 1) and Griem!? in the visible (term 2). The
infrared terms, 4 <% <n, 5%, have been assumed
hydrogenic in nature and the absorption cross sec-
tion has been replaced by the classical expression,
Ty, cl and the free-bound gaunt factor, gy, as de-
fined by Peach.%® The infrared terms are summed
to an upper limit 7,54 imposed by the advance of
the series limit. As suggested by Griem, npygx
was determined by

n S (ZZEH/AE)”2 ,

A7)
max

where the advance of the series limit (AE ~ AE )
is given as

AE =~ 4EH[ (aOZ)sNe] 415 (A8)

with N, being the electronic number density.
Excitation energies E,, l° for most of the princi-
’
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pal quantum numbers are provided by Moore. 3’
E_ .°values not listed in Moore’s table have been
improvised. Those for » =>4 have been estimated
by the hydrogenic relation,
0~ o_ »2 2
En B -2 EH/n

’

(A9)

This approximation is exhibited in the last sum
term of Eq. (A6) wherein the term,

lf(n)

+ 2
285 m- % &, 1
represents the sum of the (2S+1)(2L +1)degeneracy
factors not listed by Moore, with the term

[

summing those that are. The resulting intensity
calculated from term 6 [Eq. (A6)] was found to be
of approximately the same order of magnitude as
that from term 5.

In our calculation we also took into account the
recombination of electrons with excited ions. Con-
tinua contributions for states where »=3 was ac-
counted for by inclusion of the third sum in Eq.
(AB). The subscript “p” denotes prime levels (1)
listed by Moore. Missing prime level excitation
energies, E3 1  have been obtained by isoelec-
tronic extrapolation. In calculating 23 1p Sum,
Eq. (2) was replaced by

> o_ -
hv Em,p AE En,lp
where the ionization level Em,0 p was approximated
by
0~ o]
Em’p —Eoo +En,l

°>0,0, (A10)

+ (A11)

n l being the excitation energy of the excited ion
in questlon. Hydrogenic cross sections were used
for 03, 1 0 in this term.

For the hydrogenic terms (z >4) inclusions of the
factor R(T) accounted for recombination of elec-
trons with excited ions.

R(T)=U+/gs+ . (A12)
However, the major fraction of the radiation in the
red is due to the free-free process. Therefore
since the recombination radiation is of less impor-
tance in this region the contribution of prime terms
in the red was negligible and the factor R(T) was
taken as unity,

The resulting analytical intensities for the total
spectral nitrogen positive ion continuum have been
shown in Figs. 1, 2, 8, 9, and 10 along with the
experimental data.
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